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Torque Control for a Form Tool Drilling Operation

Richard J. Furness, Tsu-Chin Tsao, Member, IEEE, James S. Rankin, II, Michael J. Muth, and Kenneth W, Manes

Abstract—Torgue control through feed manipulation can pro-
vide significant machining economic henefit for drilling processes
by preventing tool breakage and reducing cycle time. This paper
presents the dynamic modeling and real-time torgue control for
a form tool drilling process. The form tool produces a desired
shape in a workpiece through z drilling process. In this study,
the form tool drilling process resembles the combination of
drilling, reaming, counter-boring, and chamfering operations.
The machining process is medeled as a linear system with variable
gain due to the form tool geometry, The process is also subject
to unknown disturbances such as unpredictable chip jamming
and tool-workpiece friction. Spindle motor power and speed
measurements were used to estimate drilling torque for cost
effective practical implementation. An input—output pole place-
ment controller with previewed gain scheduling was designed and
implemented. Through experimental studies, this controller was
shown to effectively regulate tool torque and hence avoid teol
breakage, by manipulating the feed during drilling, and reduce
cycle time compared to current practice.

Index Terms— Drilling, load prediction, manufacturing, pole
Placement design., process control.

1. INTRODUCTION

RILLING REMAINS ONE of the most common machin-
ing operations, and has been reported 1o account for up
10 50% of all machining nationwide. In spite of such dramatic
statistics, drilling has failed to receive significant attention with
respect to the numerous potential benefits of process control.
These benefits can include cycle time, tool breakage, and cost
reductions, in addition to part quality improvements. Drilling
is often viewed as a roughing operation, which is followed by
secondary operations to produce desired part attributes {e.g.,
reaming, deburring, tapping). However, drilling has a direct
impact on final quality, and inherently affects the production
rate and cost of all following operations. Thus, improvements
in drilling process performance can have significant ramifica-
tions with respect to overall quality, productivity, and cost.
Tool breakage and cycle time are important concerns for
any drilling operation. Breakage interrupts production. leads
to scrap and/or rework costs, and if not quickly detected,
may lead to catastrophic failures in subsequent processing
operations. During drilling, disturbance loads due to factors
such as chip jamming, friction, and tocl wear can be quite
significant, and may lead to catastrophic tool breakage. In
practice, the cutiing conditions (i.e., feed rate and spindle
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speed) are constant during the machining cycle. Conservative
cutting conditions are often utilized for drilling operations
due to the pervasive uncertainty of the process and the
lack of monitoring and centrol technology. Real-time drilling
process control, whereby the machining loads are regulated by
manipulating the cutting conditions, presents an opportunity to
reduce cycle time and avoid tool breakage. In addition to the
improvements for the particular drilling operation. the benefits
of process control can extend to subsequent part processing
operations,

The cost of machining, tooling, part transferring, and fixtur-
ing has driven the trend toward combining several machining
operations into one through the use of a form tool to generate
a particular geometry. In this study, drilling, reaming, counter-
boring, and chamfering operations are performed on a single
form tool with variable geometry along its body length.
Although there may be significant benefits with respect to total
machining cost using such tools, there are typically greater
demands on process performance with respect to tool breakage
and cycle time. For form tool drilling operations, breakage
is a particular concern since the tools are quile expensive,
and production is interrupted with no intermediate buffer
available. Real-time control and/or monitoring requires precise
modeling of the process, but is complicated by the fact that
the tool geometry, and hence. the dynamic process model. is
continuously variable along its body length.

II. PROBLEM DESCRIPTION

This study was motivated by a form tool breakage problem
for an autometive production application. The form tool is
a solid carbide, titanium nitride coated tool with a profile
that corresponds to the desired part geometry. Under constant
feed (f [in/rev]) and speed (N [r/min]) machining. excessive
cutting loads often lead to tool breakage. For this operation,
tool breakage is a significant concern since the tool cost is
quite high (=$100), and the current operation is a process
bottieneck. The form tool is also intended to be reground
several times, Taising the significance of catastrophic tool
breakage.

A. Process Description

The form tool geometry. as shown in Fig. 1, consists of
three primary sections. The first section is the tapered end
of the tool (A), followed by a constant diameter section
(B), and a combined counter-bore and chamfer section (C).
The drilling process involves three primary machining phases
(phases A, B, and C) as these tool sections enter the workpiece.
A constant spindle speed and feed are used throughout the
production machining operation. In this real-time process

1063-6536/99510.00 © 1999 IEEE
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Fig. 1. Form tool geometry.
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Fig. 2. Measured drilling torque signals from two consecutive tests with
identical censtant feed cutting conditions.

control application, the machining feed is manipulated to
regulate the total tool torque.

B. Machining Torgue

From a process control perspective, the total torque applied
to the tool, Ti.1, during drilling consists of two parts

Tt.ool = Tmn. + Td- (1)

Teu represents the drilling torgue between the drill cutting
edges and the workpiece, and T, is a disturbance torque.
Teue 1s assumed to be a functien of controllable cutting
conditions, namely the feed, f, and to a much lesser extent,
the spindle speed, N. T; includes contributions from factors
such as the friction torque between the tool and the workpiece,
and the congestion torque between the tool and the chip.
Ty is dependent not only on cutting conditions but also
other uncontrollable factors such as coolant application, chip
length/chip motion, and other process disturbances.

As the form tool enters the workpiece, the edges that take
part in cutting vary. Consequently, under constant feed, the
drilling torque T, varies. The heavy line in Fig. 2 shows the
Tiael profile with a constant feed (f = 0.002 ipr) and spindle

speed {(V = 2350 r/min) when no significant disturbance
torque exists. The substantial torque increase at the beginning
ot phase C, where the tool diameter drastically increases, may
cause tool brezkage. Consequently, a conservative constant
feed is used throughout the operation. The measured torque
sequence resembles the tool profile as a function of penctration
depth. Comparing the tool ggometry in the ditferent machining
phases to the torque data in Fig. 2. it appears that constant
tool torque could be achieved by scheduling an appropriate
open-loop feed profile in a CNC part program. This program
would prescribe feed commands in a predetermined manner
corresponding to the variation in tool geometry compensating
for the varying depth-of-cut. Similar strategies have been used
in other machining processes. such as turning and milling,
where the depth of cut may vary during the process, and the
feed is appropriately scheduled in a part program. With respect
to the total tool torque expressed in (1). it 1s important to note
that this strategy will only effectively regulate T, and does
not account for the disturbance torque. In milling and turning,
this approach can be effective, since disturbance cutting loads
can often be neglected.

An important characteristic unigue to drlling is the exis-
tence of a significant, unpredictable disturbance torque. 1.
Due to this disturbance load, tool breakage can still occur
even when conservative, constani cutting conditions are used.
The light line in Fig. 2 illustrates expertmental results from a
test when excessive torgue caused tool breakage at the end of
the machining operation. Based on this, it is unlikely that a
predetermined feed trajectory in a CNC part program would
effectively regulate drilling torque. Fig. 2 shows data from
consecutive tests conducted with the same tool, workpiece
material. and cutting conditions. These results dramatically
illustrate the magnitude and etfect of unpredictable process
disturbances on the drilling torque, and demonstrate the ne-
cessity for real-time closed torque control for the form tool
machining operation.

To address the problem of toel breakage due to excessive
torque during machining, a closed-loop control system was
designed and implemented. This controller effectively tracks
specified torque references. and hence. avoids catastrophic tool
breakage. In addition, this controller can reduce the machining
time compared to current practice, depending on the chosen
torque reference.

A brief review of related research in machining process
control is given below. This is followed by a description of the
experimental systern, and a discussion of the process modeling
and controt design for the form tool application. Experimental
results are then presented which demonstrate the effectiveness
of closed-loop torque control,

ITI. BACKGROUND

Closed-loop control of cutting forces has been extensively
studied for many machining operations [1]-[3]. Application
of closed-loop control of cutting forces by manipulating the
cutting conditions (feed, speed, or depth-of-cut) for machining
has generally been referred to as “adaptive” control. Most
of the systemns have simply been fixed gain (i.e.. nonadap-
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tive) controllers. while certain applications have been truly
adaptive (i.e., variable-gain) control systems. The majority
of the research work has focused on turning and milling
operations. Representative efforts for tuming are described
in [4]-[9]. Force control for milling has been examined in
[10]-[12], among others. As shown in many of these previous
studies, the force “disturbances” are primarily attributed to
variations in the actual cutting oad which occur as the
tool encounters variable cutting depths or workpiece material
properties. However, these types of disturbances are rarely
unknown, and the cutting conditions can be calculated off-
line based on a priori knowledge of the workpiece geometry,
material. and tool path, In such a case, feedforward calculation
of cutting conditions should be sufficient to maintain constant
cutting loads, and a closed-loop/adaptive control approach
would not be necessary or justified. In contrast to milling
and turning, drilling requires closed-loop control due to the
existence of unpredictable process disturbances other than
variations in the actual cutting load. These include chip
flow blocking and jamming, drill body-workpiece friction and
rubbing, and coolant lubrication variations within a drilling
cycle. Closed-loop control has been demonstrated to provide
significant machining economic benefit for conventional twist
drilling processes [13)-[16]. The form tool drilling process
control problem addressed in this paper differs from previous
drilling process control studies since the process model varies
during the machining operation.

IV. EXPERIMENTAL SYSTEM AND INSTRUMENTATION

The drilling experimental setup as shown in Fig. 3 consists
of a drilling unit mounted on the cross-slide of a computer
numerical control (CNC) lathe, sensors, and real-time data
acquisition and contrel computer. The positioning system of
the lathe provides the motion control for the drilling operation:
the z-axiy drive provides the feed motion, while the r-axis
indexes the drilling unit relative to a stationary workpiece.
The CNC lathe provides closed-loop feedrate control. The
driliing unit consists of a five horsepower, induction type
motor controlied by an adjustable speed drive (ASD).

A laboratory computer was interfaced to the experimental
system for data acquisition and control. Using the feedrate
override feature of the lathe controller, the programmed fee-
drate could be varied between zero and 120% of its pro-
grammed value through an analog voltage override command.
The spindle speed was similarly prescribed by an analog
voltage command to the ASD. Note that the ASD does not
provide closed-loop spindle speed regulation.

With this drilling setup, the form tool shown in Fig. 1 was
used to drill hoies in AISI 1020 hot rolled steel workpieces
with a hardness of HB = 150. The workpieces were mounted
on a Kistler Type 9293 dynamometer. During all experiments,
the feedrate, thrust force, torque, spindle motor power, and
spindle speed signals were measured by the control computer.

V. PROCESS MODELING

A block diagram of the drilling system dynamics is shown
in Fig. 4. Empirical dynamic models of the machine tool
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Fig. 3. Experimental system.

drive system, cutting process, and torque sensing system were
developed and used for subsequent torque controller design.
The command input (¢ the drive system is f..¢. The input to
the cutting process is the actual feed, f, and the output is the
cutting torque, T... The torque sensing element provides an
estimate (7} of the actual total tool torque which is used for
feedback control. Development of the continuous-time transfer
function models is described in the following sections.

A. Drive Systern, G ¢(s)

The feedrate, V' [inches per minute (in/min)j, is the product
of the machining feed and the spindle speed, N(V = fN).
The quantity of interest for torque control is the machining
feed, since the chip area (and thus, the chip load) is a
function of feed [17]. As denoted by the block diagram above,
the dynamic model relating command to actual feed was
treated as equivalent to the model between command and
actual feedrate. (Note: machine tool drive systems control
feedrate not feed. Under constant spindle speed, the two
quantities have identical dynamics.) As shown in Fig. 4, a
first-order, continuous-time model with delay was considered
as the candidate model structure relating command feed.
Experimental data was used to estimate the model parameters
using least sguares identification techniques as

75 =0058s, L;=0.033s. (2}

B. Cutring Process

The cutting process, relating actual feed to cutting torque, is
modeled as a dynamic block that relates feed to chip thickness,
d, cascaded with the cutting process gain (K, relating chip
thickness to the cutting torque

Tcut(s) — Tcut(-‘f) d(S) -
7o) T ) 7s)

d(s)

Gels) = Fs)

K. 3)
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Fig. 4. Drilling system block diagram.

Geometrically, the chip thickness is related to the feed in terms
of spindle angle, 4 {17]

el

-, = !‘ﬂ — -

=0 - fo -7 @
and in the time domain as

el . . )

E‘f(t)_-f[\t_td (5)

where £. = 60/.V is the rotational period of the two-fluted tool.
Based on a first-order Padé approximation of the delay term
in the Lapiace domain, a first-order transfer function model
is commoenly used to describe machining process dynamics.
Thus, the dynamic model relating chip thickness 1o feed is

=TT (6)

Previous studies have shown that this is an adequate ap-
proximation that correlates with empirical first-order drilling
process models developed from experimental data [15].

Open-Loop Gain Estimation: The data in Fig, 2 clearly
show that the cutting process gain. K, varies along the
driil body length. For control system design, the process
gain is assumed to be piece-wise constant with a step
change between machining phases B and C (see Fig. 1}.
The process gain variation in phase A is not considered
here since closed-loop torque control was only implemented
during phase B and C. {Note that drilling in phase A does not
encounter significant disturbances.) To estimate the drilling
process gain, the tool torque was measured by a piezoelectric
dynamometer when drilling at three constant feed levels.
(fret = 0.0017.0.0021,0.0024 ipr)) In phases B and C, the
average torque was computed, then divided by the feed 10
estimate the process gain, From these tests, the process gain
was estimated to be

. { in-lb
K1 - = 28,000 for phase B
in.frey.

= 40,000 for phase C,

(7

These values were used to design and implement a variable
gain, closed-ioop torque contreiler, It should be noticed that
the gains change with respect to tool wears and workpiece ma-
terial variations; therefore, a gain margin of 2.0 was specified
based on this consideration.

C. Sensor Modeling—Torque Measurement and Prediction

The actual total tool torque was measured using the piezo-
electric dynamometer (see Fig. 3). The instrumentation has
saturation limit at about 175 in/lb. For feedback control, a
prediction of the actual tool torque. 7, was used. The actual
torque was estimated using two indirect sensing methods: one
based on spindle power sensing and another based on spindle
speed measurement. The sensing system dynamics, relating
the actual to predicted torque must be included in the control
design to ensure stable, robust performance. For the power
and spindle speed based methods, the sensor was modeled as
a linear first-order continuous-time model with a delay,

Torque Prediction: Power Measurement Approuch: In this
approach, the actual torque was predicted from measurement
ot spindle motor power. The spindle was belt driven by an AC
induction moter. The spindle motor power { ) was measured
using a power transducer that utilizes Hall Effect sensors.

The tool torque was estimated hased on knowledge of the
spindle motor electric torque (7T.). In general, the static and
dynamic behavior of AC induction motors is nonlinear and
time-varying. However a linearized transfer function model
can be developed about a nominal operating point to give the
speed servo loop dynamics | 18]. The transfer function relating
motor {0 tool torque can be expressed as

T 1

= 8
.Ttooi Tms + i ( )

where 7, is the spindle motor system time constant. The
electric torque was calculated from measured power (P) and
actual spindle speed (N,..} as

A'r:x.r_.t

1. = (9}
where the coefficient 4 accounts for the power transducer
calibration and drive system efficiency. Utilizing torque data
acquired from the dynamometer, the static ool torque predic-
tion based on spindle power was determined to be

0.437P (h.p.)

Ty power (I0/1b) = 630252 , 10
PP {in/Ib) )f\'am (fmim.) (10)
The dynarnic transfer function model is of the form
T pow gL
G& owerl 3} = bl = 11
power( 5) Tt st (11)

With this torque prediction approach, the *sensor” time con-
stant, 7, is that of the spindle motor system. 7,,,. The power
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transducer signal filtering dynamics were modeled by the pure
delay element, L.. From measured power and dynamometer
torque data, these parameters were estimated to be

= 0.063s; L,=0.033s

This model was incorporated in the overall process transfer
function which was utilized to design the closed-loop torque
controller. The saturation limit on the power sensor gives
predicted torque saturation around 100 in/lb for spindle speed
at 2400 r/min.

Torque Prediction: Spindle Speed-Based Approach: The
second method used to estimate motor electrical torque was
based on spindle speed measurement. For induction motors,
the sieady-state motor electrical torque is a function of
the percentage slip [18]. The physical model is a complex
nonlinear relationship containing many unknown parameters,
some of which vary with speed. For this work, a simplified
linear model was used 10 estimate electrical torque based on
spindle speed measurement as

Te'- = a-l("\;r(’f - J'N'a:‘r.) (1 2)

where N, 15 the reference spindle speed. The coefficient «
was estimated from experimental data using the dynamometer
torque and spindle speed measurements. The dynamic trans-
fer function relating predicted to tool torque (based on (8))
becomes

poeimin g .
- (!{;‘7\' ref T -"'\'at't_]
Tt(m] Tel

‘ fo —
G.-.-.r..-"lnm\"‘,] -

(13)

where
7. = (L0633 s,

Note that for this spindle speed based torque prediction ap-
proach, there is no lag element in the transfer function model.
Also note that the time constant 1s the same for (13} and
(11). and corresponds to the spindle drive speed servo loop
dynamics.

D. Overall Open-Loop Transfer Function

For subsequent controller design. the dynamic models de-
veloped in the preceding sections were cascaded to formulate
an overall open-loop process transfer function. G +). relating
command feed to predicied to torque

T.(s) _ I el

Guls) = — = A= .
Sret(5) [\Tf“""i_l)[TrS'L]){THH“"l}

(14)

where

Lt.(ﬂ - Lf -+ Ls-

V1. CONTROL SYSTEM DESIGN

The continuous-time open-loop transfer function in (14) was
discretized for control design using a sampling rate of 240 Hz.
A normalized version of the open-loop transfer function was
considered by multiplication of the inverse of the cutting
process gain, K., with (14)

Ly LT _
Gl = K Fals) ~ (s # Dimon + Dlmas 7 1)

By doing this, the plant model for control design is indepen-
dent of the process gain, A discrete-time control algorithm,
D{z), was designed using this normalized model, and the
controller was subsequently implemented using adaptive gain
scheduling. Two contro} methods were designed and imple-
mented: 1) a proportional-integral (PT) controtler and 2) a
pole-placement controller. For each design, both power sensor
and spindle speed based torque prediction methods were
considered. The control objective was to track constant torque
references during machining Phases B and C by manipulating
the command feed. Since form tool geometry variation could
have a significant effect on the cutting process gain, K.,
it is important that the controller have sufficient gain and
phase margins. A gain margin of at least two and a phase
margin of 60° were specified design criteria. In addition, the
control response must have minimal overshoot. Oscillation
in the actual torque due to control system compensation to
disturbances is undesirable.

(13)

A. Previewed Scheduling of Process Gain

The controller was implemented with gain scheduling as
a function of too! penetration depth, x [in]. As mentioned
earlier, the transition from drilling phase B to C caused a step
change in process gain from 28 000 to 40 000. To avoid a large
torque overshoot at the transition, a preview of this step change
was incorporated in the gain schedule adaptation straiegy to
account for the delay between the feed rate command and the
actual feed rate. The gain switches at a distance abead of the
phase B and C junction and the value is deiermined in real-
time by multiplying the actual feed rate with the feed drive
delay, which is approximated by the pure delay plus the time
constant

K, =28000  if (2" —x(k)) = (Ls + 75 Vace(K) (16

K, =40000  if (2" — 2(k)) < (Ls + 1) Vace (k)
where «* is the transition depth from phase B to C (x* =
0.745").

B. Digital P-I Control

PE control was considered first since it is commeonly used
for fixed set-point regulation. The normalized, continuous-time
transfer function model in (15) was discretized using a zero-
order hold equivalence transformation for a sampling rate of
240 Hz [19]. The discrete transfer funciion is

1 To(z)  0.001(0.2332% + 0.830z + 0.184)
K, frelz) — 216(23 — 258422 4 2.2102 — 0.625)
(7

z) =
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Fig. 5. Simulated closed-loop response to a step disturbance input. (Heavy
line: pole placement. light line: P controls.)

By applying the Ziegler-Nichols transient response method
[19], the PI controller was determined to be
20714z — 0.9467

z -1

Dpi(z) =y

g =10 (18
From both simulation and experimenial tests. the P-I design
was shown to result in an undesirable oscillatory response.
Consequently, a factor g was introduced to reduce the loop
gain to provide a controller response without overshoot. Fig. 5
shows the controller responses to a unit step disturbance for
the values of 7 = 1.0.0.8.06.0.4. A value of g = 04,
which gives gain margin of 3.3 and 97.5%s phase margin,
was determined to be acceptable with respect to controller
overshoot: however, as shown below, the transient response
with this design was quite sluggish.

C. Pale Placement with Integral Acrion

To improve the transient response performance. a pole
placement with integral action controller was considered. To
avoid a large controller order resulted from the long overall
open-loop process delay in (15), the delay was modeied by a
second-order Padé approximation. The approximate. normal-
ized continuous-time open-loop transfer function becomes

GL{S]

_ 1 Tp(s)
TR, fut ()
1= (5Lyor/2) 4+ {8 Lsor)/12)
(14 (s Lor/2) + {5 Leoe 2 /120 (Tps+ 1) (s + 1) (e + 1)
(19

The discrete transfer function for (28) at a sampling rate of
240 Hz s

(2)

1 T
p?’"!: = — P(Z)
ﬁr: frnf(z)
_ 0.001{0.1922% +0.1022% - 0,96422 +-0.56 T2 +0.151)
(25— 4.2322%+7.1562% —6.04222 +2.548 2 —0.429) "
(20)

The pole placement controller has the form of
R(z] free(k) = M(2)Toes(k) — S(2)T, (k).

The polynomials R(z), M(z), and S{z), are chosen to sat-
isty desired closed-loop controller performance. To design a

21

[
-3

polynomial based pole placement control, a reference model
of the desired closed-loop system is utilized. The input-output
model without cancellation of any plant zeroes is specified as

T})[:J _ BJ?I{Z}

GCL(:J - Tref{.z) - ‘4”!{2]

(22)

where 5, and .1, give the desired torque response {T,) w0
command references [T .¢). For this application. the discrete-
time denominator polynomial is

Az = 2% = 42422 + 719023 — 6.08722
+2.5732 — 0.135. (23}

These closed-loop poles correspond to continuous time poles
in the Lapiace domain of s = [~25. ~25. — 10, —40. —70)].
Implementation of a polynomial pole-piacement controller
requires inclusion of an observer polynomial i A, with proper
order to ensure the existence of a causal solution. The observer
polynomial was specified to be

‘;lf){:‘j = -"lm Il:J 24y

A minimal order causal solution is solved for the Diophantine
equation

Al = VIR + Biz1812) = 4,214, (2 {(25)
where
. I,z Al
Gliz) = 2220 A (26)
JIer‘t'-I Bl-}
as
Riz)=iz= R = 2% = 425221 ~ 722523
— 613027 — 25982 — (1440
Slz) = 139327 - 58882 + 9.0482% — 830427
(27
+ 30375 — (.39
Miz) = 120227 - 5.0892% — 364127 — 731522

- 3092 —0.522,

Since Tr.r is a constant for this torque regulation probiem, the
control implementation of the filter 4 can be replaced by its
static gain M (1} This design has a gain margin of 2.55 and
a phase margin of 60.6”. As shown in Fig, 5, the transient
response to a unit step disturbance is significantly faster than
that of the previcus PI design.

VII, EXPERIMENTAL RESULTS

Representative results for the PI and pole placement control
methods are given in the following sections. The pole place-
ment controller was implemented using both the power and
spindie speed based torque prediction schemes. Since the PI
controller performance was deemed unacceptable using power-
based torque feedback. the spindle-speed based approach was
not pursued. In each experiment, machining began under
constant cutting conditions of f,.; = 0.002 ipr and N =
2400 r/min, and feedback control was initiated during phase
B. In the figures that follow, the command feed (lower light
trace), actual feed (lower heavy trace), torque data measured
by the dynamometer (upper light trace), and the predicted
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torque, either by power sensor or speed sensor approach. used
as feedback signal (upper heavy trace} are shown as a function
of drilling depth. The plots show data collected during phase
B and €. separated by a light vertical line at 0.745 inch, The
set point is also shown as a horizontal line. The power sensor
has a saturation lmit around the equivalence of 100 in-1b for
2400 r/min spindle speed.

Power-Based Torgue Prediction: A series of experiments
were conducted for set point values from 40 to 85 in-lb.
Figs. 6 and 7 show the representative experimental results
of the pole placement control using the power-based torgue
prediction as the feedback signal for a set point of 50 and 85
in/lb. respectively. The controllers achieve tighter regulation
for lower torque references. This may be attributed to the
larger feed values (and hence, larger chip sizes) associated with
higher references, which Jead to more severe chip congestion

120 : : AT
b el
100- N / -
8- ;
60- _

40 QJ‘\ £ (NJMJ\ 1
I |

~ torque {in-bf) & feed (0.0001 inchirev.)

0 1 1 i 1 i
04 05 08 0.7 08
drill positian {inch)
Fig. & Pole placement control without gain switching (trace legends same
as Fig, 61
120 — r . . . T r T

160 - ]

80-

torgue [iIn-1bf) & feed (0.G001 inchfrev |
()]
[an]

055 086
drill position {inchj)

053 o 065 07

035 04

045 05

Fig. 9. Example of substantial chip congestion in closed-loop control {irace
legends same as Fig. 6).

disturbances compared to the smaller feed values (and chip
sizes) realized with lower torque references. Notice from the
plots that the previewed gain switching in the transition from
Phase B to Phase C effectively reduces the feed and maintains
the closed-loop stability and torque regulation. The plots also
show significant delay between the feed command and the
actual feed.

The importance of the controller gain adaptation for con-
troller performance is demonstrated in Fig. & In this case,
the process gain was not switched upon entering Phase C; the
gain for Phase B was used throughout for the torque controlled
portion of the drilling cycle. As such the response during the
transition from Phase B to C is sluggish and the performance
in Phase C is poor.

Fig. 9 illustrates a case where substantial torque distus-
bances were encountered during drilting. 1n this example, a
very low feed was required to regulate the torque reference
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torque using spindle speed-based torque prediction).

with the pole placement control. The tool was retracted to
remove the jammed chips on the tool before entering Phase
C to complete the cycle. It is most likely that the tool would
have been catastrophically damaged had this been open-loop
constant feed drilling.

As a comparison, Fig. 10 shows the result of a representa-
tive Pl control performance. As expected the slow response
was unable to bring the torque level down for a substantial
drilling disturbance.

Spindle-Speed Based Torque Prediction: The pole place-
ment controller parameters in (36) were recalculated based
on the speed-based sensor model, &, , smin{ ), given by (21),
included in the overall open-loop transfer function model.
With respect to the overall transfer function, the difference
between G . /umin(5) and G, power(s) is reflected in the total
delay, L..,. The remainder of the control design procedure is

9

120 .

100-

torque {In-Ibf) & feed (0.0001 inchirey )
o
(=]

400, | i
20 K J
U A A i 2 L
04 as 3.6 0.7 0.3
drilt position (inch)
Fig. 12.  Pole placement with spindle speed-based torque prediction feedback

itrace legends same as Fig. 110

identical to that described in Section VI-C, with appropriate
modifications to the system model from the power-based to
speed-based torque prediction model.

Representative experimental data from feedback control us-
ing spindie-speed bused torque prediction is given in Figs. |1
and 12 for a torque reference of 50 and 85 in/lbs, respectively.
These results demonstrate the viability of using spindle speed
measurements for closed-loop torque control. The controller
performance is in general similar to the power-based feed-
back cases except with slightly better regulation and transient
response characteristics because of the shorter sensor delay.

VIII. DISCUSSIONS AND CONCLUSIONS

A closed-loop torque controller was designed and imple-
mented for a form tool drilling operation. This controller
adequately regulated the total tool torque, and thus, avoided
tool breakage. Based on the torque reference selected, this
controller can also decrease the cycle time compared to
open-loop, constant feed drilling. In general, higher torque
references correspond to lower cycle times.

For control purpeses, the drilling process feed/torque dy-
namic behavior was adequately modeled as a first-order,
linear system with time-varying gain (due to the form tool
geometry). The process gain was approximated as piece-wise
constant, and varied as a function of the machining Phuses
corresponding to the tool geometry. The process gain was
estimated off-line using experimental data. This is an important
result for practical implementation, since on-line estimation
of the feed-torque model is not required. It is important to
note that on-line estimation of the process gain would, in
general, be quite difficult due to the presence of the disturbance
torque, T. The problem of on-line process gain estimation is
clearly illustrated by the data shown in Fig. 2. Recall that
these examples correspend to consecutive drilling tests under
identical operating conditions. In the first hole, no significant
disturbance torque occurred, while in the subsequent hole,
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a large disturbance was present that led to catastrophic tool
breakage.

For this study. variable gain PI and pole-placement closed-
loop torque controliers were designed and implemented. The
gain scheduling scheme was based on in-process position and
feed velocity measurements, and also accounted for the system
dead-time and dynamics. The drilling torque was predicted
based on spindle speed and motor power measurements. This
technique provides an inexpensive and effective method for
practical controller implementation. For controller design, the
sensor dvnamics were modeled as a first-order system with
delay. The gain scheduling scheme was adequate for both
the PI and pole-placement controliers. Without process gain
adaptation, significant torque overshoot occurs as drilling
phase C begins, and the controlier response can become guite
oscillatory.

This control approach provides a technique for closed-loop
process control for variable geometry form tools. In practice,
conservative constant feed values are used throughout the
drilling cycle to avoid tool breakage due to unpredictable
process. This practice sacrifices cycle time, and may still not
be effective for aveiding tool breakage (as shown in Fig. 2).
Using torque control, the feed is varied as needed to regulate
the cutting torque, and the production rate is maximized
without 100l breakage being a concern.
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